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A B S T R A C T
The electronic and optical properties of graphane, silicane and MoS2 bilayers, as well as the graphane/MoS2 and
silicane/MoS2 hetero-bilayers, are calculated by the first-principles method. The interlayer interactions of all the
bilayer systems are shown to be mainly van der Waals. Both the graphane/MoS2 and silicane/MoS2 hetero-
bilayers belong to the type-II heterostructure, which can be utilized in photo-voltaic devices due to the efficient
spatial separation of electrons and holes. For optical properties, the distinctions for the imaginary parts of the
dielectric function ( )2 between the monolayer and bilayer systems for both the graphane and silicane are more
evident in electric vector E||z. However, the differences between ( )2 of the monolayer and bilayer MoS2
materials are more significant in E||x. Broader light absorption ranges of the hetero-bilayers are reached, which
can also improve the charge separation of the electron-hole pairs.
1. Introduction
In recent years, the hexagonal graphene, silicene and monolayer
MoS2 have been successfully synthesized [1–4]. MoS2 monolayer has a
band gap of 1.90eV [5], which shows important potential applications
in the optoelectronic industry [5–7]. However, both graphene and si-
licene are semimetals with zero band gap, which limit their applications
in optics and transistor technology. Fully hydrogenated graphene,
named as graphane, and fully hydrogenated silicene, named as silicane,
are also successfully synthesized [8,9]. Hydrogenated graphene showed
a band gap of 3.9eV experimentally [10]. Our theoretical results
showed that graphane and silicane had band gaps of 3.4eV and 2.2eV,
respectively [11]. Therefore, graphane, silicane as well as monolayer
MoS2 should have promising applications in the electronic industry.
Homo-bilayer system consists of two identical monolayer of 2D
material. Notably, Fokin et al. [12] showed that graphane can form van
der Waals (vdW) complexes (e.g., multilayered graphanes). The
stacking and band structures of van der Waals bonded graphane mul-
tilayers had also been investigated by Rohrer et al. [13]. Wang et al.
[14] also demonstrated that there existed weak vdW interactions be-
tween the silicane layers. Pontes et al. [15] and Splendiani et al. [7]
displayed that the electronic properties, especially the band gaps, and
the optical properties of multilayer materials depended on the layer
number. Hence, the electronic properties and the optical properties of
the van der Waals homo-bilayers are interesting.
Hetero-bilayers consists of two different layers of 2D materials,
having tunable band gaps and fascinating electronic and optical prop-
erties [15–24]. The graphene/MoS2 [16] and silicene/MoS2 [17]
hetero-bilayers have shown narrow band gaps with only 2meV and
57meV, since graphene and silicene are semimetals. In order to obtain
a suitable band gap for electronics applications, the hetero-bilayers
should consist of two different 2D semiconductors. Based on the band
alignments of two semiconductors, the hetero-bilayers can be classified
into three types: the type-I, type-II and type-III ones [25]. The type-II
heterostructures have received great attentions from both the experi-
ments and theories [19–24]. In this paper, only type-II hetero-bilayers
are involved. For the type-II hetero-bilayer, there are staggered band
gaps and the valence band maximum (VBM) and the conduction band
minimum (CBM) are located in different layers. A type-II hereto-junc-
tion provides efficient separation of electrons and holes, reducing their
recombination probability and enhancing the photocatalytic efficiency
[19–25]. Experimental results of type-II MoS2/MoSe2 van der Waals
heterostructure showed that the lifetime of indirect excitons were ob-
served to be longer than that of direct ones in the individual monolayer
MoS2 and monolayer MoSe2 [19]. Moreover, electrons at CBM and VBM
of the graphane/silicane hetero-bilayer have been shown to be in dif-
ferent layers [26]. In this work, we systematically investigate the
electronic and optical properties of the homo-bilayer systems, i.e.,
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bilayer graphane, bilayer silicane and bilayer MoS2, as well as the
graphane/MoS2 and silicane/MoS2 hetero-bilayers. Both the graphane/
MoS2 and silicane/MoS2 hetero-bilayers belong to the type-II hetero-
structure. The electronic and optical properties of graphane, silicane
and MoS2 homo-bilayers and their corresponding monolayer as well as
graphane (silicane)/MoS2 hetero-bilayers are analyzed based on the
van der Waals interactions between the atomic layers.
2. Method of calculation
The present calculations were performed by using a first-principles
method based on the density-functional theory (DFT) with the gen-
eralized gradient approximation (GGA) in the form of Perdew-Burke-
Ernzerh (PBE) exchange-correlation functional [27], as implemented in
the Vienna Ab initio Simulation Package (VASP) [28,29]. First-princi-
ples calculations are carried out by using the projector augmented wave
(PAW) representation [30]. The structural relaxations and electronic
structures calculations were performed with a plane wave kinetic en-
ergy cutoff of 600 eV. The unit cell lattice parameters (unit cell shape
and size) and atomic coordinates were fully relaxed in each system until
the forces on all the atoms were smaller than 0.01 eV/Å. To avoid the
interactions between the neighboring cells, we set a vacuum space of
20 Å along the z-direction, which is perpendicular to the atomic layers.
Since the interlayer interactions should be weak in these layered crys-
tals, PBE-D2 calculations [31] are performed in order to include the
semi-empirical van der Waals interactions.
In order to obtain more accurate band gaps, the Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) [32–35] calculations are also
performed in this work. In the HSE06, the exchange-correlation energy
is described by = + + +E E µ E µ E µ E( ) ( ) ( )xcHSE xHF SR xPBE SR xPBE LR cPBE06
1
4
, 3
4
, , ,
where E µ( )xHF SR, , E µ( )xPBE SR, , E µ( )xPBE LR, and EcPBE. represent the short-
range Hartree-Fock (HF) exchange, short-range PBE exchange, long-
range PBE exchange and PBE correlation terms, respectively. Here, the
parameter μ is set to be 0.2 Å−1 [32-35]. Brillouin-zone integrations are
approximated by using special k-point sampling of Monkhorst–Pack
scheme [36], with a k-point mesh resolution of 2π×0.006 Å−1 for
PBE-D2 calculations and 2π×0.025 Å−1 for HSE06 calculations. All
the calculations presented here are based on the non-spin-polarization
scheme.
3. Results and discussion
3.1. Electronic properties of bilayer graphane, bilayer silicane and bilayer
MoS2
We constructed the bilayer graphane (silicane) by attaching two
graphane (silicane) monolayers with chair-like conformation which is
the most stable and preferable structure for a single graphane or sili-
cane [37,38]. 2H-MoS2, among 1T-, 2H- and 3R-structures, is the most
stable structure of bulk MoS2 [39]. To evaluate the relative stabilities of
different stacking of bilayer systems, we consider four characteristic
stacking patterns for bilayer graphane (silicane or MoS2) which has
been investigated by Li et al. [40] and Yang et al. [41]. The AA re-
presents that the carbon (silicon or molybdenum) skeletons are AA-
stacked, however, AB denotes that the carbon (silicon or molybdenum)
skeletons are Bernal-stacked. In patterns AAI and ABI, one H(S) atom in
the upper layer points to the center of the three H(S) atoms in the lower
layer. The ABI-stacking of MoS2 is identical to the stacking of two ad-
jacent layers of bulk MoS2 with 2H type. Nevertheless, in configurations
AAII and ABII, the H(S) atoms between two carbon (silicon or mo-
lybdenum) skeletons point straightly to each other. To evaluate the
relative stabilities of each bilayer systems, the binding energy per su-
percell between the two atomic layers is defined as Eb= -[EBilayer -
(ELayer1 + ELayer2)], where EBilayer is the total cohesive energy for the
bilayer system, ELayer1 and ELayer2 are the cohesive energies of the first
isolated layer and the second isolated layer which are fixed in the
atomic positions in the corresponding bilayer, respectively. The lattice
constants (a and b), averaged interlayer distances (d) together with the
binding energies Eb for the graphane, silicane and MoS2 bilayers are
listed in Table 1. Noted that the calculated lattice constants (a and b) of
four characteristic stacking patterns of bilayer graphane (silicane or
MoS2) are the same. From Table 1, for bilayer graphane (or silicane),
the most stacking pattern is the AAI configuration (Fig. 1(a)) among the
four configurations. For bilayer MoS2, ABI stacking pattern is preferred
(Fig. 1(b)). Thus, only the AAI-stacking for the bilayer graphane (or
silicane) and ABI-stacking for the bilayer MoS2 are studied in the sub-
sequent section.
To compare the relative stabilities in different bilayer systems, a
binding energy per area, Eb/S, between two atomic layers has to be
employed. The factor S corresponds to the area of the interface in the
supercell. The binding energies per area for the graphane, silicane and
MoS2 bilayers are listed in Table 2. The binding energy per area consists
of two parts, i.e., the interlayer binding energy and the intralayer
binding energy. The relative intensity of intralayer binding and inter-
layer interaction will be discussed in the section of charge density re-
distributions, since the contour plots of such a charge density can di-
rectly show the relative strength of both the intralayer and interlayer
interactions of different systems.
The band structures of graphane, silicane and monolayer MoS2 are
depicted in Fig. 2(a)-(c), compared with the band structures of bilayer
graphane, bilayer silicane and bilayer MoS2, as shown in Fig. 2(d)–(f).
The calculated band gaps are summarized in Table 2. Graphane is a
semiconductor with a direct band gap of 3.41eV (4.45eV by HSE06
method). The band gap of a bilayer graphane is 3.57eV (4.56eV from
Table 1
Lattice constants (a and b), averaged interlayer distances (d), binding energies
per supercell (Eb) of homo-bilayer and hetero-bilayer systems.
System Bilayer graphane Bilayer silicane
Stacking AAI AAII ABI ABII AAI AAII ABI ABII
a= b (Å) 2.53 2.53 2.53 2.53 3.86 3.86 3.86 3.86
d (Å) 4.33 4.81 4.36 4.75 4.78 5.92 4.80 5.92
Eb(eV) 0.088 0.066 0.087 0.067 0.098 0.057 0.095 0.057
System Bilayer MoS2 Graphane/MoS2 Silicane/MoS2
Stacking AAI AAII ABI ABII TS TM TS TM
a=b (Å) 3.19 3.19 3.19 3.19 12.69 12.69 15.79 15.79
d (Å) 6.76 6.77 6.21 6.76 5.54 5.55 6.06 6.07
Eb(eV) 0.117 0.095 0.151 0.097 1.825 1.822 1.009 1.007
Fig. 1. Top and side views of (a) bilayer graphane (silicane) and (b) bilayer
MoS2. C and Si are denoted by brown balls. H, Mo and S atoms are represented
by pink, purple and yellow balls, respectively. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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HSE06 calculation) which is 0.16eV larger than that of graphane. Both
the silicane and bilayer silicane are indirect semiconductors, with band
gaps of 2.18 and 2.09eV (2.92 and 2.84eV from HSE06 calculations),
respectively. Monolayer MoS2 shows a direct band gap of 1.64eV
(2.09eV by HSE06 method), while the bilayer MoS2 has an indirect
band gap of 1.17eV (1.66eV by HSE06 calculation), owing to the strong
interlayer coupling at point Γ [7]. The minimum direct energy gap of
bilayer MoS2 appears at K point with a value of 1.62eV, which is ap-
proximately equal to the direct band gap of monolayer MoS2. Both the
PBE-D2 and HSE06 calculations show that, comparing with the corre-
sponding monolayers, the band gap of bilayer graphane increases while
the band gaps of both the bilayer silicane and bilayer MoS2 decrease.
The band gaps will be discussed in more details later.
From Fig. 2, the band structures of the bilayer systems, in general,
are quite similar to those of monolayer ones, while only some small
band splitting happens. The band splitting of all the bilayer graphane,
silicane and MoS2 systems appear mainly around the Γ-point, owing to
the interlayer coupling. For bilayer graphane, the electronic states for
valence bands 1 and 2 at point Γare mainly composed of 2s orbitals of C
atoms, as well as small parts of 1s orbitals of H atoms, which causes a
negligible interlayer coupling and degenerate valence bands 1 and 2 at
point Γ. The electronic states for valence bands 3–6 at point Γ are
Table 2
Binding energies per area (Eb/S) and band gaps of the monolayer, homo-bilayer and hetero-bilayer systems. Eg1, Eg2 are the band gaps calculated by PBE-D2 and
HSE06 methods, respectively.
Systems Graphane Bilayer graphane Silicane Bilayer silicane Monolayer MoS2 Bilayer MoS2 Graphane/MoS2 Silicane/MoS2
Eb/S(eV/Å2) ─ 0.016 ─ 0.008 ─ 0.017 0.013 0.005
Eg1(eV) 3.41 3.57 2.18 2.09 1.64 1.17 0.64 1.23
Eg2(eV) 4.45 4.56 2.92 2.84 2.09 1.66 1.32 1.71
Fig. 2. (a)–(c) Band structures of graphane, silicane and monolayer MoS2. (d)–(f) Band structures of bilayer graphane, bilayer silicane and bilayer MoS2.
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mainly derived from 2pz orbitals of C atoms and 1s orbitals of H atoms,
as well as small parts of 2s orbitals of C atoms. The splitting between
valence bands 5 and 6 are significantly larger than those between va-
lence bands 3 and 4, which indicate a much stronger interlayer cou-
pling for valence bands 5 and 6 at point Γ. To give a detailed in-
formation for valence bands 3, 4, 5 and 6, their partial charge densities
are presented in Fig. 3. As shown in Fig. 3(c) and (d), the distance
between the partial charge density distributions of H2 and H3 atoms for
valence band 5 (Fig. 3(c)) is closer than those of valence band 6, giving
rise to a stronger interlayer coupling and a larger band splitting be-
tween valence bands 5 and 6. The distance between the partial charge
density distributions of H2 and H3 atoms for valence band 3 is also
closer (but less visible) than those of valence band 4, leading to a
smaller band splitting, as compared to that between valence bands 5
and 6. The electronic states for valence bands 7 and 9 at point Γare
originated from 2py orbitals of C atoms, while valence bands 8 and 10 at
point Γare originated from 2px orbitals of C atoms, which causes a
negligible interlayer coupling and four-fold degenerate valence bands
at VBM (the number of valence bands is 10). The electronic states for
conduction bands 1 and 2 at point Γare dominated by anti-bonding 2pz
orbitals of C atoms as well as small parts of 1s orbitals of H atoms,
which causes small interlayer coupling and a weak splitting of bands.
For the bilayer silicane, the VBM is at the point Γ, while the CBM is
at the point M. The valence bands electronic states at point Γ(valence
bands 1–10, the number of valence bands is 10) of bilayer silicane are
analogous to those of bilayer graphane. The electronic states at point M
for conduction bands 1 and 2 are contributed by 3s, 3py, 3pz orbitals of
Si atoms (none from H atoms), which causes a negligible interlayer
coupling and two-fold degenerate bands at CBM. For the bilayer MoS2,
the VBM is also at the point Γ, while the CBM is at the point K. The
electronic states at VBM for bilayer MoS2 are contributed by Mo-dz2 and
S-pz states, leading to large splitting of bands at VBM. The electronic
states at CBM for bilayer MoS2 are contributed by mainly the Mo-dz2
states, leading to two-fold degenerate bands at CBM. Furthermore, the
electronic states at VBM and CBM for bilayer graphane, silicane and
MoS2 are contributed by both the two separated graphane, silicane and
MoS2 layers.
To understand the bonding nature in the bilayer systems, the total
charge density r( ) and the deformation charge density r( )1 are
shown in Fig. 4. The deformation charge density is given by
=(r) (r) (r R )µ atom µ1 , where (r) is the total charge density
(r R )µ atom µ and stands for the superposition of independent atomic
charge densities. As shown in Fig. 4(a)-(b) and (e)–(f), there are strong
covalent C-C bonds in both the graphane and graphene bilayers, as well
as strong C-H bonds in the graphane bilayer. Similar feature of charge
density distributions are presented in the silicane bilayer as compared
to the graphane bilayer, however, much weaker of atomic bonding are
seen in the silicane bilayer system, given by Fig. 4(c) and (g). A more
complicated bonding picture is shown in MoS2 bilayer, characterized by
both the strong bonding in the MoS2 layer and weak ionic and covalent
bonding in between the MoS2 layers, see Fig. 4(d) and (h).
To clearly explore the interlayer interactions, the charge density
redistributions, r( )2 , in the interface area of the bilayer systems are
presented in Fig. 5(a)-(d). The r( )2 is given by
=r r r r( ) ( ) ( ) ( )Bilayer Layer Layer2 1 2 , where r( )Bilayer , r( )Layer1
and r( )Layer2 are the charge densities of the bilayer systems, the first
layer of the bilayer and the second layer of the bilayer systems, re-
spectively. The charge density redistributions shown in Fig. 5 can be
classified as two parts, i.e., the intralayer charge density redistributions
(within the atomic layers) and interlayer charge density redistributions
(e.g., between H-atoms in the adjacent atomic layers in the graphane
and silicane bilayers, between S-atoms in the adjacent layers in the
MoS2 bilayers). For bilayer graphene shown in Fig. 5(a), the solid
contours lines are “moving towards” the interlayer area, however, the
distances between solid contour lines in the adjacent layers are very far.
In this case, the interlayer interaction of the bilayer graphene is van der
Waals, which is in agreements with those found previously [42]. As
shown in Fig. 5(b)–(d), the intralayer charge density redistributions of
bilayer graphane is more obvious than those of bilayer silicane, while
those of bilayer silicane is more visible than those of bilayer MoS2. On
the other hand, the interlayer charge density redistributions of bilayer
graphane is less obvious than those of bilayer silicane, while those of
bilayer silicane is less evident than those of bilayer MoS2. Therefore, the
interlayer interactions of bilayer graphane and bilayer MoS2 are the
weakest and the strongest, respectively, among the graphane, silicane
and MoS2 bilayers. In summary, the interlayer interactions of bilayer
graphene is dominated by van der Waals forces (as shown in Fig. 5(a)).
However, there are weak ionic and covalent bonding shown in the in-
terlayer binding of graphane, silicane and MoS2 bilayers, see
Fig. 5(b)–(d), leading to slight deviations from the van der Waals in-
teractions in these three systems. It should be pointed out that the
contour interval in Fig. 5 is only 4× 10−4 e/Å3 (quite small). Thus, the
deviations from the van der Waals interactions in graphane, silicane
and MoS2 bilayers are very small, and the interactions between the two
homo-layers are also weak.
For bilayer graphane, it can be seen that the C-H bonds in the
graphane layers become “much” stronger as compared to the in-
dependent layers. Moreover, it can also be observed that electronic
charge in the intermediate region between layers transfers to the gra-
phane layers, shown by the dashed contour lines in Fig. 5(b). As a re-
sult, the interlayer interaction of bilayer graphane become weaker
while the intralayer interactions become stronger, leading to an in-
creased band gap (3.57 eV) in the bilayer graphane as compared to the
band gap of 3.41 eV in the graphane. For bilayer silicane, Fig. 5(c)
shows that the electronic charge transfers from the silicane layers to the
intermediate region between the silicane layers, and the interlayer in-
teractions become stronger while the intralayer interactions become
weaker. Therefore, the band gap of bilayer silicane (2.09 eV) is smaller
Fig. 3. Partial charge densities for (a) valence band 3, (b) valence band 4, (c) valence band 5 and (d) valence band 6 of bilayer graphane. The isosurface value is set to
be 0.014 e/Å3.
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than that of silicane (2.18 eV). For bilayer MoS2, the charge density
redistributions in the interface area of the system are quite complicated,
the interaction between the MoS2 layers can be characterized by both
the covalent and ionic nature of bonding. The band gap of bilayer MoS2
is 1.17 eV which is smaller than that of monolayer MoS2 (1.64eV).
3.2. Electronic properties of graphane/MoS2 and silicane/MoS2
heterostructures
Our optimized lattice constants of free-standing graphane, silicane
and monolayer MoS2 are 2.53 Å, 3.86 Å and 3.19 Å, respectively. The
Fig. 4. (a)–(d) The total charge densities of bilayer graphene, bilayer graphane, bilayer silicane and bilayer MoS2, respectively. (e)–(h) Deformation charge densities
( r( )1 ) of bilayer graphene, bilayer graphane, bilayer silicane and bilayer MoS2, respectively. Contour intervals of (a)–(d) and (e)–(h) are 0.20 e/Å
3 and 0.08 e/Å3,
respectively. Solid and dashed lines correspond to > 0 and < 0, respectively.
Fig. 5. The interlayer charge density redistributions ( r( )2 ) for (a) bilayer graphene, (b) bilayer graphane, (c) bilayer silicane and (d) bilayer MoS2. Contour
intervals of (a)–(d) is 4× 10−4 e/Å3. Solid and dashed lines correspond to > 0 and < 0, respectively.
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lattice constant of graphane is 20% smaller than that of the MoS2
monolayer, while the lattice constant of silicane is 21% larger than that
of the MoS2 monolayer. For the graphane/MoS2, we have constructed
an appropriate supercell with small lattice mismatch, i.e., employing a
supercell consisting of 5× 5 lateral periodicity (12.65 Å) of graphane
and 4× 4 lateral periodicity (12.76 Å) of MoS2 monolayer in the x−y
plane. For silicane/MoS2 heterostructure, the supercell is constructed
by using 4× 4 silicane (15.44 Å) and 5× 5 MoS2 monolayer (15.95 Å)
in the x–y plane.
To study the stacking patterns of these hetero-bilayer systems, we
investigated TS stacking and TM stacking of the bilayer hetero-
structures which was mentioned by Ma et al. [16]. In the TS stacking, a
C (Si) atom of graphane (silicane) located on top of one of the S atoms.
In the TM stacking, a C (Si) atom of graphane (silicane) lied on top of
one of the Mo atoms. The binding energy per supercell Eb of the hetero-
bilayer systems are listed in Table 1, which shows only slight differ-
ences between two stacking patterns. This agrees with the previous
works [16,43]. Hence, we only study the TS stacking of the bilayer
heterostructures, see Fig. 6(a) and (b). Compared to the relaxed lattice
constant of graphane/MoS2 hetero-bilayer (12.69 Å), the graphane
layer in the heterostructure is expanded by 0.3%, while the MoS2 layer
in the heterostructure is compressed by 0.5%. For silicane/MoS2 hetero-
bilayer, the corresponding compulsory strains are approximately 2.2%
and 1.0%, respectively.
The averaged interlayer distance of graphane/MoS2 bilayer is
around 5.54 Å, which is between those of bilayer graphane (4.33 Å) and
bilayer MoS2 (6.21 Å). The averaged interlayer distance of silicane/
MoS2 bilayer is around 6.06 Å, which is again between those of bilayer
silicane (4.78 Å) and bilayer MoS2. From Table 2, the binding energy
per area, Eb/S, of the graphane/MoS2 hetero-bilayer is smaller than
those of the corresponding bilayer graphane and bilayer MoS2, re-
spectively. This is because that the strength of C-H bonds due to charge
redistribution in the bilayer graphane become stronger than those in
the graphane/MoS2, moreover, the interlayer interactions due to charge
redistribution in the bilayer MoS2 also become stronger than those in
the graphane/MoS2 (ref. to Figs. 5 and 8). The binding energy per area
of silicane/MoS2 bilayer is also smaller than those of the corresponding
bilayer silicane and bilayer MoS2, respectively. Furthermore, the
binding energy per area of the graphane/MoS2 bilayer is larger than
that of the silicane/MoS2 bilayer, which comes from the stronger bonds
in the graphane layer and stronger interlayer binding in between the
graphane and MoS2 layers (Fig. 8).
Band structures, partial charge densities at VBM and CBM as well as
the band alignments in the graphane/MoS2 and silicane/MoS2
heterostructures are shown in Fig. 7. For both the graphane/MoS2 and
silicane/MoS2 hetero-bilayers, the VBM's locate at Γpoint and the CBM's
lie at K point, causing indirect band gaps of 0.64 and 1.23 eV (1.32 and
1.71 eV from HSE06 calculations), as shown in Fig. 7(a) and (c), re-
spectively. Both the PBE-D2 and HSE06 methods shown that the band
gap of graphane (silicane)/MoS2 hetero-bilayer is smaller than that of
graphane (silicane) or MoS2 monolayer. In order to gain further insights
into the band structures of the systems, we investigate the partial
charge densities at VBM and the CBM of the graphane/MoS2 and sili-
cane/MoS2 hetero-bilayers. In the graphane (silicane)/MoS2 hetero-bi-
layer, the VBM is contributed by px and py orbitals of C (Si) atoms,
whereas the CBM is contributed by Mo-dz2 states.
In order to explore the mechanism of the band gap reduction in the
graphane/MoS2 and silicane/MoS2 hetero-bilayers relative to the cor-
responding monolayers, the band alignments of the systems are shown
in Fig. 7(e) and (f). The vacuum level is set as zero reference for band
alignment [20]. Since the VBM of graphane is higher than that of
monolayer MoS2 and the interactions between monolayer MoS2 and
graphane are weak, the VBM of graphane/MoS2 hetero-bilayer is very
close to that of graphane layer, when monolayer MoS2 and graphane
are put together. Because the CBM of monolayer MoS2 is deeper than
that of graphane, the CBM of graphane/MoS2 hetero-bilayer is very
near to that of the MoS2 layer, again due to weak interactions between
atomic layers. As a result, the Fermi level of the graphane/MoS2 hetero-
bilayer shifts to the intermediate region between the VBM of graphane
and the CBM of MoS2. The band alignments reveal that graphane/MoS2
hetero-bilayer belongs to the type-II heterostructure, and the electron-
hole pairs are spatially separated with electrons and holes locating in
MoS2 layer and graphane layer, respectively. Less electron-hole pair
recombination will effectively enhance the photocatalytic. The analo-
gous band alignments occur in silicane/MoS2 hetero-bilayer. The VBM
is contributed by the silicane layer, while the CBM is originated from
the MoS2 layer. It reveals that silicane/MoS2 hetero-bilayer also belongs
to the type-II heterostructure, electrons and holes are spatially sepa-
rated, residing in MoS2 layer and silicane layer, respectively. Hence,
both the graphane/MoS2 and silicane/MoS2 hetero-bilayers are good
candidates for solar energy conversion.
To understand the bonding nature in the graphane/MoS2 and sili-
cane/MoS2 hetero-bilayers, the deformation charge densities r( )2 of
the hetero-bilayers are shown in Fig. 8(a) and (b). The bonding char-
acteristics of the C-C, C-H, Si-Si, Si-H and Mo-S bonds in both the
hetero-bilayers are very similar to the case of homo-bilayers, due to the
weak van der Waals interactions between the atomic layers in both the
Fig. 6. Top and side views of (a) graphane/MoS2 and (b) silicane/MoS2 hetero-bilayers. The red dash circles represent the TS stacking. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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homo-bilayers and hereto-bilayers. The interlayer charge density re-
distributions r( )2 for hetero-bilayer systems are also shown in
Fig. 8(c) and (d). Charge transfer and charge redistributions in the in-
termediate region between the atomic layers indicate both covalent and
ionic interactions between the graphane (silicane) and MoS2 layers.
There are both small ionic and covalent bonding shown in the inter-
layer binding of graphane/MoS2 and silicane/MoS2 bilayers, see
Fig. 8(c) and (d). Again, such a bonding picture leads to slight devia-
tions from the van der Waals interactions in these two systems. Since
the contour interval in Fig. 8(c) and (d) is only 4×10−4 e/Å3 (quite
small). Thus, the deviations from the van der Waals interactions are
very small.
3.3. The optical properties
We have also studied the optical properties of the above bilayer
materials (both the homo-bilayers and hetero-bilayers), and compared
them with the corresponding monolayer materials. The imaginary part
of the dielectric function ( )2 can be given as follows [44]:
Fig. 7. Band structures of (a) graphane/MoS2 and (c) silicane/MoS2 hetero-bilayers. Partial charge densities of the VBM and CBM for (b) graphane/MoS2 and (d)
silicane/MoS2 hetero-bilayers. The isosurface value is set to be 0.014 e/Å3. Band alignments of (e) graphane/MoS2 and (f) silicane/MoS2 hetero-bilayers. The vacuum
level is taken as zero reference.
Fig. 8. Deformation charge density ( r( )1 ) of (a) graphane/MoS2 hetero-bilayer and (b) silicane/MoS2 hetero-bilayer. The interlayer charge density redistributions
( r( )2 ) for (c) graphane/MoS2 hetero-bilayer and (d) silicane/MoS2 hetero-bilayer. Contour intervals of (a)–(b) and (c)–(d) are 0.08 e/Å
3 and 4× 10−4 e/Å3,
respectively. Solid and dashed lines correspond to > 0 and < 0, respectively. r( )1 r( )2 are shown along the diagonal of the supercell and perpendicular to
the atomic layers.
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in which the indices α and β signify the Cartesian directions, c and v
refer to the conduction and valence bands. Eck and Evk are the energies
of conduction bands and valence bands, respectively. All the materials
in this study are in the hexagonal structures, then =( ) ( )xx yy . Thus,
there are only two independent variables, i.e., ( )xx and ( )zz . Only
the electric vectors of E||x (E is parallel to the x-y plane) and E||z (E is
perpendicular to the x-y plane) have to be discussed.
The imaginary parts of the dielectric function ( )2 for the mono-
layers and homo-bilayers, as well as the main peaks of ( )2 , are shown
in Fig. 9 and listed in Table 3. For E||x, the imaginary part of dielectric
function ( )xx2 of graphane exhibits only one main peak A1 (11.33 eV),
the shape of ( )xx2 the bilayer graphane is similar to that of graphane in
the range of 0–15eV, showing also only one main peak A2. For E||z, the
( )zz2 of graphane has two main peaks, i.e., B1 (6.57eV) and B2
(13.07eV), while the bilayer graphane has three main peaks, B3
(5.96eV), B4 (8.14eV) and B5 (12.42eV)). In the imaginary parts of the
dielectric function of silicane and bilayer silicane, there are four main
peaks. For E||x, there is a peak C1 located at 3.62eV for silicane and a
similar peak C2 at 3.61eV for the bilayer silicane, in the range of
0–15eV. For E||z, ( )zz2 presents one main peak D1 (7.34eV) for sili-
cane and one peak D2 (6.76eV) for bilayer silicane, again in the range
of 0–15eV. The intensity of D1 is stronger than that of D2, and the
width of peak D1 is narrower than that of D2 (which obeys the optical
sum rule). For monolayer MoS2, the imaginary parts of dielectric
function has two main peaks, which is labeled as E1 (2.84eV, for E||x)
and F1 (5.58eV, for E||z). For bilayer MoS2, ( )2 includes two main
peaks, which is labeled as E2 (2.60eV, for E||x) and F2 (5.56eV, for
E||z). Like silicane and bilayer silicane, the intensity of peak E2 is
weaker than that of peak E1 and the width of peak E2 is broader than
that of E1, which is in accord with the optical sum rule. In general, the
distinctions between ( )2 of the monolayer and homo-bilayer systems
are not significant, for both the E||x and E||z.
The imaginary parts of the dielectric function ( )2 for hetero-bi-
layers are shown in Fig. 10(a) and (b). For graphane/MoS2 hetero-bi-
layer, ( )2 has a main peak E4 (2.81eV) for E||x and another main
peak F4 (5.46eV) for E||z. The ( )2 curve and the main peaks of the
graphane/MoS2 are similar to those of the monolayer MoS2 in the range
of 0~6eV, indicating that the main peaks of ( )2 of graphane/MoS2
hetero-bilayer arise from the MoS2 layer, see Fig. 9(a) and (c). This is
also because that most of the transitions in the range of 3.41eV (band
gap of the graphane) to 6eV are forbidden by the selection rules in the
graphane layer. In the range of 6–15eV, the ( )2 of the graphane/MoS2
hetero-bilayer shows some small peaks from both the graphane and
Fig. 9. The imaginary parts of the dielectric function for (a) graphane, (b) silicane, (c) monolayer MoS2, (d) bilayer graphane, (e) bilayer silicane, and (f) bilayer
MoS2.
Table 3
The positions of main peaks in the imaginary part of the dielectric function
( ( )2 ) for monolayer, homo-bilayer and hetero-bilayer systems.
Systems Peak positions
E ||x E ||z
Graphane A1(11.33eV) B1(6.57eV) B2(13.07eV)
Bilayer graphane A2(11.29eV) B3(5.96eV) B4(8.14eV)
B5(12.42eV)
Silicane C1(3.62eV) D1(7.34eV)
Bilayer silicane C2(3.61eV) D2(6.76eV)
Monolayer MoS2 E1(2.84eV) F1(5.58eV)
Bilayer MoS2 E2(2.60eV) F2(5.56eV)
Graphane/MoS2 E4(2.81eV) F4(5.46eV)
Silicane/MoS2 E3(2.80eV) C3(3.56eV) F3(5.47eV) D3(7.66eV)
J.-Q. Hu, et al. Current Applied Physics 19 (2019) 1222–1232
1229
MoS2 layer, where the peaks of graphane are comparable to those of
monolayer MoS2. For ( )2 of silicane/MoS2 hetero-bilayer, two pro-
minent peaks are observed at E3 (2.80eV) and C3 (3.56eV) for E||x,
while another two peaks are observed at F3 (5.47eV) and D3 (7.66eV)
for E||z, where peaks C3, D3 arise from the silicane layer and peaks E3,
F3 originate from the MoS2 monolayer.
In order to explore the detailed optical properties, the absorption
coefficients = +( ) 2 ( ) ( ) ( )c 1
2
2
2
1 are presented in
Figs. 10 and 11. For E||z, the absorption coefficient of graphane possess
an absorption platform with 0.65×106 cm−1 in the energy window of
6.5–12.0 eV. However, the absorption coefficient of bilayer graphane
has a platform only in the energy range of 5.9–7.5eV. For bilayer gra-
phane, a peak appears at 8.2eV, which is associated with the peak B4 in
the ( )2 for E||z. For both the graphane and bilayer graphane, main
absorptions with the averaged absorption coefficient of 2.3× 106 cm−1
happen around 11eV–15eV for E||x, main absorptions also occur
around 13eV–15eV for E||z. For E||z, the absorption coefficients of si-
licane show a sharp peak with 3.8× 106 cm−1 at around 7.7eV (which
is associated with the peak D1 in the ( )2 of silicane), while bilayer
silicane exhibits broader absorption peaks at 7eV~ 9eV with an aver-
aged absorption coefficient of about 2.0× 106 cm−1. For E||x, the ab-
sorption can happen in a very broad region of energy, i.e., 4eV–15eV,
for silicane and bilayer silicane.
The absorption coefficients of monolayer MoS2 and bilayer MoS2 are
very similar. For E||x, significant absorptions in both the systems can
happen in a very broad region, i.e., 3eV–15eV, with the averaged ab-
sorption coefficients of 1.2× 106 cm−1 and 2.0×106 cm−1 for
3eV–11eV and 11eV–15eV, respectively. For E||z, a absorption peak
around 5.6eV (which is associated with the peak F1 in the ( )2 of
monolayer MoS2) for the monolayer MoS2 appears not only in the ab-
sorption of bilayer MoS2 but also in those of graphane/MoS2 and sili-
cane/MoS2 heterostructures. Both the ( ) of monolayer MoS2 and
bilayer MoS2 become nearly isotropy in the energy window of 11–15eV.
For graphane/MoS2 bilayer, strong absorptions with averaged
absorption coefficients of 2.1× 106 cm−1 take place in the range of
11eV–15eV (for E||x), and another strong absorptions with the aver-
aged absorption coefficient of 2.2× 106 cm−1 occur in the range of
13eV–15eV (for E||z). Those strong absorptions in graphane/MoS2 are
contributed from both the graphane and MoS2 layers. For silicane/MoS2
bilayer, a sharp peak around 7.8eV emerges which comes from mainly
the silicane layer (i.e., that is associated with the peak D3 in the ( )2 ).
Strong absorptions in the range of 11eV–15eV come primarily from the
MoS2 layer. Generally speaking, the optical properties of both the
graphane/MoS2 and silicane/MoS2 heterostructures own the char-
acteristics of the corresponding atomic layers.
4. Conclusions
In summary, by employing an ab initio calculations, the electronic
and optical properties of the graphane, silicane and MoS2 homo-bi-
layers, as well as the graphane/MoS2 and silicane/MoS2 hetero-bi-
layers, have been investigated. The interlayer interactions of all the
bilayer systems studied are dominated by mainly van der Waals forces.
Bilayer graphane has a relatively larger band gap as compared to the
graphane, since the charge in the intermediate region between the
graphane layers transfers to the graphane layers. Both the band gaps of
bilayer silicane and bilayer MoS2 are smaller than those of the corre-
sponding monolayers, since the charge in the atomic layers transfers to
the intermediate region between the atomic layers. Both the graphane/
MoS2 and silicane/MoS2 hetero-bilayers have the type-II band align-
ments, in which the VBM locate in the graphane or silicane layer while
the CBM stay in the MoS2 layer. The efficient separation of electrons
and holes can reduce their recombination probability and enhance the
photocatalytic efficiency. The indirect band gaps of the graphane/MoS2
and silicane/MoS2 hetero-bilayers are 0.64eV and 1.23eV, respectively,
which are smaller than their monolayers. The analysis on the charge
densities of the graphane/MoS2 and silicane/MoS2 hetero-bilayers gives
main bonding characteristics of the systems, showing similar bonding
Fig. 10. The imaginary parts of the dielectric function of (a) graphane/MoS2 hetero-bilayer, (b) silicane/MoS2 hetero-bilayer. The absorption coefficients of (c)
graphane/MoS2 hetero-bilayer, (d) silicane/MoS2 hetero-bilayer.
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to the homo-bilayer systems.
For optical properties, the distinctions for the ( )2 between
monolayer and bilayer materials for both the graphane and silicane are
slight in E||x, while their differences are more visible in E||z. When it
comes to MoS2 system, the distinctions for ( )2 between monolayer
and bilayer MoS2 are more evident in E||x, as compared with those in
E||z. It should be noted that the differences between ( )2 of the
monolayer and homo-bilayer systems are not significant, for both the
E||x and E||z. In graphane/MoS2 hetero-bilayer, the imaginary part of
the dielectric function ( )2 has two main peaks which are mainly as-
sociated with the MoS2 layer. In the ( )2 of silicane/MoS2 hetero-bi-
layer, four prominent peaks are observed where two peaks are con-
tributed again from the MoS2 layer and the other two from the silicane
layer. The broader light absorption range of the hetero-bilayers can also
improve the charge separation of the electron-hole pairs.
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